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TECHNICAL NOTE 5282 


INTERGRANULAR CORROSION OF HIGH-PURITY ALUMINUM IN 
HYDROCHLORIC ACID 

II - GRAIN-BOUNDARY SEGREGATION OF IMPURITY ATOMS 
By M. Mstzger and J. Intrater 


SUMMARY 


The variation in the rate of intergranular corrosion of single- 
phase high-purity aluminum in 20 percent hydrochloric acid as a 
function of iron content and final-annealing ten 5 >erature is attrihuted 
to the segregation to atomic sites in the grain-houndary region of 
iron and possibly other in^urity atoms. The experimental results are 
analyzed by reference to a distribution function, obtained by statis- 
tical mechanical methods, which gives the eguilibrium fraction of 
certain sites in the boundary which are occupied by solute atoms in 
terms of the interaction energy for the segregation of the solute 
atoms at these sites. Segregation of iron alone cannot account for 
the observed results j from consideration of the atomic sizes and the 
gimntlties of other impurities present, it is expected that copper is 
also involved. The observed relative corrosion rates can be repre- 
sented as due principally to differences in the fraction occupied by 
iron and copper atoms of those bovmdary sites where the potential 
energy of interaction for the segregation of iron or copper is at 
least as large as -0,7 electron volt (- 16,000 calories per mole) and 
perhaps as large as -1.0 electron volt (- 25,000 calories per mole). 
Since energies of this magnitude cannot be accounted for by the loss 
in lattice distortional energy when an undersize iron or copper atom 
is replaced by an aluminum atom at a grain-body site, a substantial 
contribution to the potential energy of interaction must come from a 
reduction of the local energy about the site in the boundary. It is 
believed that metals and alloys generally contain an alloying element 
or impurity the atoms of which have a considerable tendency to concen- 
trate in the boimdaries but that the effect on the properties of the 
boundaries will be apparent only under special conditions. 


INTRODUCTION 


A previous report describes a study of the intergranular corro- 
sion of high-piority alimiinum in hydrochloric acid (ref. 1). Among 
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other things, it was found that the rate of intergranular corrosion 
in specimens annealed at tengjeratures within the single-phase region 
and then rapidly quenched was dependent on the final annealing temper- 
ature and on the impurity content of the material. The effects of 
temperature and purity on the corrosion rate were attributed to the 
segregation of iron and possibly other in^iurity atoms to atomic sites 
in the grain boundaries of the specimen. A more detailed analysis of 
this segregation has been made possible by additional observations 
with closer control of certain factors j this work is described in the 
present report. Some of the conclusions were mentioned in the previous 
report . 

In5)urity or solute atoms whose effective size differs appreciably 
from that of the solvent atoms are expected to have a tendency to 
segregate in the grain boundaries because the boundary ( i . e . , the 
transition region several atomic diameters thick between adjoining 
grains) does not have the regular structure of the normal lattice and 
the volume per atomic site varies so that there will be sites at which 
the solute atom is accommodated better than at a normal lattice site, 
as first suggested by McLean (ref. 2 ) . The substitution of an atom 
of different size may also operate to reduce the local energy throu^ 
the removal of a solvent atom constrained to occrq>y an abnormal volume 
and the reduction of the forces acting on its nei^bors in the boundary. 
The most direct evidence for the occvurrence of this segregation has 
been obtained for very small amounts of polonium in lead-bismuth alloys 
by an autoradiographic method (ref. 5 ) • Some of the other systems in 
which recent evidence of this phenomenon exists have been listed by 
Perryman (ref. 4 ) who also studied the intergranular corrosion of hi^- 
purity al.uiii. 1 mnn and concluded that there was a tendency for iron atoms 
to segregate at the grain boundaries. 

The segregation of substitutional atoms in the boundaries is 
considered from the viewpoint of statistical mechanics from the model 
of solute atoms distributed among sites of different potential energy. 
The difference between the energy associated with the presence of the 
solute atom at a site in the boundairy and at a site in the grain body 
is the interaction energy, which has a negative value for those sites 
at which segregation tends to occur. At equilibrium at any temperature, 
the fraction of boundary sites of a given interaction energy which are 
occupied by solute atoms is a certain multiple of the fraction of grain- 
body sites occupied by solute atoms, the latter fraction being practi- 
cally equal to the over-all atomic concentration. If the interaction 
energy only varies slowly with temperature (as may be expected when 
relative atomic size is the principal factor) , then the concentration 
of solute atoms in the grain-boundary region is hi^er the lower the 
tenperature. Thus, so feir as the boundaries are concerned, the effect 
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of lowering the temperature is the same as the effect of raising the 
over-all solute content. If the rate of intergranular attack depends 
essentially on the concentration of solute atoms in the boundaries and 
not on the over -all solute concentration, as may be the case when the 
solute is present in small amounts as an in5)urity having a strong 
tendency to segregate, the Interaction energy can be determined by 
matching the corrosion-rate data for different annealing temperatures 
and impurity contents. 

The present investigation was conducted at Columbia University 
imder the sponsorship and with the financial assistance of the National 
Advisory Committee for Aeronautics. The authors wish to express their 
appreciation to Dr. T. A. Read for valuable suggestions’, to Mr. L. S. 
Darken for a stimulating discussion, and to Mr. A. Gross for assistance 
with the experimental work. They are grateful to the •Aluminum Research 
laboratories, Alumimmi Company of America, for the preparation of the 
hi^-purity aluminum. 


SYMBOIS 


A = c exp ^-GjL^kT^ 

c over-all atomic concentration of solute 

E potential energy of in-beraction 

AF molar free energy change 

Gj[^ interaction energy 

number of boimdary sites at which Interaction energy is 

K equil.ibrium constant 

k Boltzmann constant 

M metal atom 

N mmiber of atomic positions 

N' number of solute atoms 


R 


gas constant per mole 
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k 


T 

Xl,X2 

Xi 

P 

n 

i 


cliange in vibrational entropy 

absolute ten^jerature 
absolute melting temperature 

defined by equations ( 3 ) , 

fraction of occupied by solute atoms 

constant determined from measured temperature dependence of 
one of single-crystal moduli 

iterated product 


EXPERIMENTAL PROCEDURE 


The experimental procedure has been described in detail in 
reference 1. Briefly^ the rate of intergranular attack was observed 

in l/k~ by 1 ~ -inch specimens of 0 . 06 i^-incb hig^-purity aluminum 


sheet etched li^tly and totally immersed in 20 percent hydrochloric 
acid containing about 0.1 part per million of resid\ml copper. The 
specimens were annealed in air at temperatures within the single- 
phase region and quenched in cold water to preserve the structure 
characteristic of equilibri'um at the final annealing temperature. The 
material used consisted of three cooqjositions, essentially differing 
only in iron content, of -HI 8 hi^-pinriiy alumlniim sheet prepared by 
the Al^Jmin■um Company of America. The analyses are given in table I. 

The temperatures of treatment ranged frcaa near the melting point 
(647° C) down to minimum teng)eratures substantially above the iron 
solvus temperature for each composition. Althou^ several types of 
annealing schedules 'used to conq)are the structures produced at 
different temperatiires gave similar results in previous st\idles, it 
was considered that the most unambiguous indication of the effect of 
ten 5 )erature would be given in specimens initially 'treated at 647° C 
and either qvienched or furnace cooled to a lower tengjera'ture, held, 
and quenched. This minimizes differences in grain size and tendency 
to\'fard preferred orientation for different final teng>eratures of 
trea'tment. !Hie specimens were held for 24 hours at 647° at lower 
final annealing ten^jeratures the holding time was increased by 24 hoijrs 
for each 50° C below this temperatme . 
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COMPAEISON OF GRAIN SIZE AND ORIENTATION DISTRIBUTIONS 


In order for the con^jarlson of intergranular corrosion data for 
different purities and final annealing temperatures to Be valid, it 
was necessaiy to make certain that all samples were similar in several 
characteristics. These are discussed below. 

In previous work, the rate of intergranular attack had been 
measured by the time required for one or a few grain bo\xndaries to be 
corroded throxi^ the thickness of the sheet. For the present work, a 
more satisfactory measure of the over-all corrosion rate was provided 
by following the number of individual boundaries corroded th-r migb as 
a function of time, as determined by momentarily removing the specimen 
from the test beaker and holding it up to a strong beam of 1 i gbt in a 
darkened room. Three or more specimens of each con^iosition were pre- 
pared for each heat treatment. There were no substantial consistent 
grain-size variations between specimens of different purity; allowance 
for the variation in grain size from specimen to specimen was Tnadf> by 
teiklng for comparison only those specimens having approximately a 
standard grain-size distribution which could be chosen to Include the 
majority of the specimens prepared, tfost grains of the standard had 
average diameters of 2 to 5 mlUimeters. 

It was also necessary that the various specimens to be compared 
should contain about the same proportion of those boundaries which 
have little susceptibility to attack,, such as boundaries between grains 
of nearly the same orientation and coherent twin boundaries. These are 
the boundaries of low relative interfacial energy, consistent with the 
view (refs. 1 and 5) that the susceptibility of this material to inter- 
granular attack in 20 percent hydrochloric acid is related to the 
abnormal structure and energy of the grain-boiindary region, the free 
energy of which is higher than that of the grain body because of the 
contribution of the interfacial free energy. It has been shown by 
Frledel, Cull l ty, and Crussard (ref. 6) that the relative interfacial 
energy of a grain boundary in high-purity al\milnum does not for the 
most part vary greatly with orientation difference and is substantially 
lower than the energy of a general grain boundary only for low-angle 
boundaries (orientation difference of less than 7°) and for boundaries 
between grains where there is an approximation to a ( lOO) , ( UO) , or 
(ill) plane of symmetry and the boundary lies in the plane of symmetry. 

Except for two doubtfiil cases, which were discarded, the presence 
of numerous clusters of grains having nearly the same orientation or 
of a pronoimced tendency toward preferred orientation was not observed 
on visual examination of the reflections of a beam of light from the 
surfaces of the specimens as etched by the test acid. This was verified 
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for samples of compositions I and III ty determining the orientations 
of a group of grains from "back-reflection Laue photographs. The 
orientations, as plotted within a single stereographic triangle, are 
given in figure 1. Low-angle hoimdaries together with those medium- 
end hi^-angle houndaries which approximately fulfilled the symmetry 
conditions for low interfacial energy constituted roughly one -fifth 
of the total number in each groiip and were in about the same propor- 
tions in conpositions I and III. On the basis of these observations, 
j-t is presumed that the distributions of grain orientations in the 
three compositions studied in this work may be taken as similar so far 
as susceptibility to intergranular corrosion is concerned. 

An additional point concerns the greater number of boundaries with 
noticeable curvature exhibited by specimens treated only 2h hours at 
614-7° C as conpared with specimens quenched from lower final annealing 
tenperatures where the total annealing period was much longer. These 
differences in boundary curvature did not appear to have had signifi- 
cant effects on the over-all corrosion rates since extending the 
annealing period to 9^ hours for samples quenched from 614-7° C produced 
boundaries comparable in strai^tness with those characteristics of 
long annealing times at lower final temperatures but did not result in 
corrosion rates significantly different from those of the 2l4-hour 
specimens (occasional small differences in grain size being taken into 
accomt) . From the viewpoint of relative interfacial energy, the 
curvature would be expected to be significant only in those "boundaries 
where there is symmetry about one of the three minimum-energy planes 
and the boundary lies near this plane since, under these conditions, 
a strai^t bo\indary could be one of low energy, but a substantial portion 
of a curved boundary would always have close to the full energy of a 
general boundary. 


EXPERIMENTAL DATA 


The rate of Intergranular corrosion in 20 percent hydrochloric acid 
as a function of iron content and final annealing temperature is shown 
in figure 2 where the number of individual grain boundaries corroded 
throu^ the thickness of the specimen with time has been avereiged for 
the several samples of each type suitable for conqjarison. In conq)Osl- 
tion m, the iron solvus temperature is too close to the melting 
point to permit variation of the final annealing temperature j the 
tenperature dependence for composition I is described below. 

The scatter of the data for the samples of each type was moderate, 
even including those exposed at different times, compared with the 
differences between the averages for the various types, as has been 
Indicated in figure 2 by giving for conposltlon H as quenched from 
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61<-7° C the range of results from three to four samples representing 
tests run at three different times. 

In the series of tests on con 5 >osition I quenched from several 
final annealing temperatures, the corrosion tests were accidentally 
exposed to unusually low temperatures (10° to 15 ° C) from the first 
to the fourth day. At these temperatures, the evolution of hydrogen 
from the corroding boundaries .had practically ceased and corrosion 
progressed very slowly. On the fotirth day, the tenqjerature was 
brought within the \isual range of 22° to 26° C and the test allowed 
to continue. It was found that the effect of the cold period on the 
curve for the samples quenched from 647° C had been principally to 
shift it 2 days to the rig^t of the cinrve shown in figure 2 for inde- 
pendent tests on similarly treated sanqjles. The curves for the 575°. 
and 500 ° C samples coiild he assiomed to have been affected in a similar 
manner, the approximate correctness of this assumption being established 
by reference to previously obtained data on samples of conposltlon I 
quenched from 500° or 600° C after an initial quench from 647° C. The 
corrosion rate of composition I as a function of final annealing temper- 
ature is shoim in figure 3 , the ciurves of which may be approximately 
conpared with the cinrves of figure 2 by taMng the zero of time in 
figure 3 at 2 days. The corrosion rate of composition I is seen to 
vary slowly with tenperature as compared with composition II. The 
uncertainties in the data for conposition I at 575 ° and 500° C were 
not sufficient to introduce uncertainties in the interpretation of the 
results . 

Visual observation of the specimens dxxring the corrosion tests 
had indicated that the differences in corrosion rate shown in figure 2 
represented, at least in part, differences in the rate of progress of 
intergranular penetration and not merely differences in an induction 
period before the beginning of rapid penetration. To examine this 
more closely, a number of specimens of compositions I and HI quenched 
from 647° C were exposed \inetched to the test acid, and after appro- 
priate Intervals a sample was withdrawn, copper plated, embedded in a 
plastic moxmt, and sectioned. Previous work (ref. 1) had established 
that the rate of intergranular attack in these specimens is not 
substantially altered if the light preliminary etch is omitted. In 
both compositions, there was an initial period in which intergranular 
penetration was slow leading to the final period during which the rate 
of penetration was roughly constant. Although the polished section 
provided too small a sample of the total number of boimdarles in the 
specimen to establish the duration of these periods precisely, the 
observations indicated that the initial period usually lasted several 
days and was shorter for the more active boundaries. In conposition I, 
for example, the initial period appeared to be about 1 day for bound- 
airies corroding through in 4 days and 2 (occasionally 3 ) days for 
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■boundaries corroding throu^ in 6 or more days. In composition IH, 
the initial period was perhaps 2 to 4 days for houndaries corroding 
throu^ in 12 . to 16 days. Thus, the differences in corrosion rate 
"between these two CEises are primarily differences in the rate of 
progress of intergranular penetration, and the same may he expected 
with respect to the other cases of intermediate corrosion rate. 

In figure 2 , the values for conposition III have not been carried 
beyond 16 days because then the general corrosion was sometimes such 
that it was difficult to make a reliable estimate of the number of 
bo\mdarles corroded throia^ by intergranular attack alone without 
appreciable aid from general or local thinning. The greater tendency 
of congposltlon HI to general corrosion is "believed dtxe to residual 
coD^josition gradients in the solid solution and is thou^t to have had 
no substantial influence on the rate of intergranular corrosion (ref. 1) . 
In general, the behavior of specimens of different purity was basically 
similar in every respect except for the rate of corrosion. 

That the over -all corrosion rates of specimens of differing purity 
and final annealing temperature can be matched directly or by inter- 
polation is seen from figure 2 where the data yield a single family of 
curves. Hie validity of the projected determination of the interaction 
energy for the segregation of inqpurity atoms by the matching procedure 
requires that the corrosion rate be dependent only on the concentrations 
of impurity atoms in the boundaries and therefore independent of over- 
all (i.e., grain body) in^jurity content. That this may reasonably be 
presumed may be seen from the observation that the difference of 
solution potential in 20 percent hydrochloric acid between the grain 
bodies of con^jositions I and III is only 1 millivolt and this will be 
small relative to the difference of potential which must exist between 
the boundaries and bodies of any one specimen in .order to produce the 
observed susceptibility to intergranular attack. Further, this pre- 
sumption is not required to hold closely for conpositlon III, the 
corrosion rate of which lies in a range where this rate appears to be 
relatively Insensitive to changes in certain parameters, as indicated 
by the small change in the corrosion rate of conpositlon H between 
600° and 550° C and hence can be only of limited \ise in determining 
the interaction energy. 

It may be noted that, provided this one condition is satisfied, 
the interaction energy may be determined from data obtained under any 
sufficiently sensitive conditions of corrosion without consideration 
of the behavior in other corrodents or of the mechanism of corrosion. 
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DISCISSION 


First, a di8C\is8lon will be given of the considerations on which 
the analysis of the segregation of imgvirity atoms is based. 


Grain Boundary Structure and Tendency for Segregation 

The lattices of adjoining grains of different orientations cannot 
in general be in register at their boimdary, and there will be a region 
where the positions of the atoms form the transition from one lattice 
to the other. The grain-boundaiy region is considered to consist of a 
central portion of irregular structure, perhaps three atom planes in 
thickness, where the atoms have definite positions even though these 
do not correspond to the positions of either lattice, together with 
narrow fringes where the remainder of the transition is accoii5)lished 
by "elastic" distortion of the normal lattice. By analogy with an 
edge dislocation, the central portion of the boundary may be considered 
its "core" while the fringes correspond to the region where the stress 
field of the dislocation is appreciable. While in a very low angle 
boundary, which may be regarded as a wall of separated edge or screw 
dislocations, the stress field is appreciable in magnitude at small 
distances from its core; with larger orientation difference the stress 
fields of adjacent dislocations annul each other at very small dis- 
tances from the center of the boundary so that the fringe of a medlum- 
or high-angle boundary extends at most for a few atom planes and it 
cannot be described in terms of stress. 

Several factors may contribute to the tendency to segregate in 
the boundary region of substitutional solute atoms whose sizes differ 
from those of the solvent atoms. Because of the nonregular structure 
of the boundary core, the volume per atom varies so that there will be 
sites at which the solute atoms may be placed with less misfit than at 
sites in the body of the grain. Also, the atoms at these sites in the 
boundary core have abnormal distance relations with their nel^bors 
which lead to hi^ local energies; the replacement of such atoms by 
solute atoms of appropriate size may involve a substantial reduction 
of the local energy. Segregation of an atom of appropriate size will 
lower the strain energy in a region where a stress having a hydro- 
static component exists (ref. 7) thus may be expected, for exangjle, 
at a low-angle tilt boundary congjosed of edge dislocations. 

The in^iortance of the relative size factor is shown, for example, 
by Hume-Rothery 's r\ile that elements differing by as much as I5 percent 
in atomic diameter generally form solid solutions only of very limited 
extent. If the size difference is a deterrent to solubility, then it 



10 


NACA TN 3282 


may "be anticipated that the solubility will he greater at atomic sites 
of more favorable size, and these sites then tend to he occupied 
preferentially. However, other factors besides relative size may have 
iii 5 )ortant influences .on the tendency for segregation. For one thing, 
the Brillouin zone structure of the normal lattice does not hold for 
the boundaries. If free-electron theory is used to approximate the 
valence electron energies in the boundaries, the densities of electronic 
states are lower in the boundaries, as shown by the calculations of 
Matyas for the aluminvmi face-centered cubic lattice plotted in refer- 
ence 8 } thus, the presence of a solute of valence different from that 
of aluminum produces a larger change in the Fermi energy of the bound- 
ary than of the grain body. In addition to the electronic relations, 
the electrochemical relations between the solute and solvent may be 
different in the boundary where the number and distance of nearest 
nel^bors differ from those of the normal lattice. For these reasons, 
the evaluation of the tendency for segregation in terms of size 
difference alone must be considered incomplete although it is perhaps 
justifiable as an approximation when the size difference is substantial. 

The best measrire of the effective size of a solute atom is the 
"apparent atomic diameter" which has been obtained for several solutes 
in alumi num by Axon and Hume-Rothery (ref. 8) by extrapolating to 
100 percent solute the initial portion of the plot of lattice parameter 
versus atomic concentration of solute. The apparent atomic diameter is 
a measure of the average distortion produced in the solvent lattice; 
the local distortion in the immediate vicinity of each solute atom will 
be greater. Solutes of valence different from aluminum tend to alter 
the alimlnum lattice parameter because of the change in the extent of 
the BriUoiiln zone overlap, and where the volume per valence electron 
differs s-ufficiently from that of aluminum the apparent atomic diameter 
of the solute may differ appreciably from its elemental atomic diameter 
(ref. 8) . The effect on the aluminum lattice produced by alteration of 
the electron-atom ratio may be expected to be more uniformly distributed 
over the lattice than the distortion produced by differences of inherent 
(i.e., ionic) size and thus would be less effectively relieved by segre- 
gation of the solute atom to the boundaries where, although tlie volume 
per atom varies, the volume averaged over several atoms is probably 
close to the normal atomic volume of alumlnTmi. It may be anticipated 
that the relative size factor as related to the tendency for segrega- 
tion cannot always be judged merely by comparison of the apparent atomic 
diameter of the solute and the elemental atomic diameter of. aluminum. 


Distribution of Solute Atoms 

The solute atoms under consideration tend to migrate to positions 
in the grain boimdary, thereby lowering the potential energy of the 
system, and at the same time thermal agitation tends to scatter them 
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throii^out the metal. To ohtaln the equillhrium distribution, a total 
of W solute atoms and a fixed number N of atomic positions is 
considered, each position occupied either by a solvent or a substitu- 
tional solute atom. In the volume of polycrystalline metal under 
consideration, there will be a certain number of boundary sites 

at which the energy of interaction is G^, a fraction of these 

sites being occupied by solute atoms. The quantity Gj^ is the increase 
in energy when a solute atom in the grain body clmnges places with a 
solvent atom at one of the gj^ sites and Includes a term due to the 
change in vibrational entropy. Each gj^ is an unknown but fixed 

number which is determined by the structure of the specimen. It is 
assumed that the solute atoms in any cell (i.e., in the boundary) do 
not interact strongly with each other. Then there are H R' .y(gjLXj[) I 

combinations by which the R* solute atoms can be t^en gj[Xj^ to the 
ith cell and H (R - R*)i/(gi - gi^i) I combinations by which the 

R - R* solvent atoms can be placed in the remaining sites. This leads 
to a distribution function in -vdiich gj^ does not appear, 

x^/1 - x^ = [c/(l - c)J exp (-G^y^cT) (l) 

where c is the over-all atomic concentration of the solute, k is the 
Boltzmann constant, and T is the absolute tengjerature . In the present 
experiments, c is small and equation (l) reduces to 

The equivalent thermodynamic derivation is given in the appendix. 

The various atomic sites in the grain boundary region correspond 
to various values of Gjj^. For sites of unfavorable volume, Gj^ is 

positive. At favorable sites, G^ is negative and x^ > c. The 
influence of the exponential is strong so that, if Gj^ has a suffi- 
ciently Inrge negative value, these higjhly favorable sites may be 
almost completely occupied by solute atoms even when the over-all 
concentration of solute is small. However, it is not likely that a 
large fraction of the total number of boiondary sites would be occupied. 
For one thing, only about half the grain boundary sites will be of 
appropriate relative size for a given solute. Further, only a portion 
of these sites will yield interaction energies sufficient to produce 
strong segregation tendencies. Although all of ' the most favorable sites 
may be able to accept solute atoms, it is anticipated that, under 
conditions where even the less favorable sites tend to be occupied by 
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solute atoms, the segregated atoms will interact strongly with each 
other and saturation of the houndaries will occur much before all the 
sites of favorable size have become occupied. Both the strength of 
these interactions and the limiting concentration are expected to vary 
from one solute to another. 

The energy G will contain a temperature-dependent term -T 

due to the change in vibrational entropy as well as the term E repre- 
senting the change in potential energy when the solute atom in the grain 
body changes places with a solvent atom in the boundary . As shown by 
Zener (ref. 9) , a vibrational entropy Increase is associated with the 
presence of elastic strain because there is then a lowering of the 
elastic modulus and an increase in the amplitude of atomic vibration. 
Since the segregation of a solute atom results in a reduction of the 
"strain" energy both about the lattice site it formerly occupied and 
about the boiondary site it takes, the vibrational entropy change is 
negative. Ihe relation between ASy and E can be roughly estimated 

by the method of Zener (ref. lO) . On the assun^jtion that the major 
part of G is strain energy and that the fractional temperature vari- 
ation of G does not differ greatly from the teniperatiure variation of 
the elastic moduli, the following expression is obtained for the upper 
limit of the vibrational entropy change: 

where is the absolute melting tenperature and 3 is a constant 

obtained from the measiired temperature dependence of one of the single 
crystai moduli and has the value 0.35 for alumi num . In the 5 OO® to 
6^7° C range of the present experiments, the magnitude of T AS^. is, 
according to this estimate, three-tenths or less of the magnitude of E. 
It may be noted that only a smal 1 change in G is produced by the 
temperature variation of the vibrational entropy term over this rela- 
tively naxrow temperatvire range. 

The application of this distribution function to experimental 
observations of the properties of the boundaries as functions of c 
and T can lead to information about the energy and entropy changes 
accompanying the segregation of solute atoms. Information cannot be 
gained about the distribution of interaction energies at various sites 
in the boundaries, or the fraction of the total number of boundary 
sites which is occupied by solute atoms under given conditions, without 
reference to Independent evidence which is not now available. 

One feature of equation (2) worthy of note is the slow approach 
to saturation. If the ri^t-hand member of equation (2) is represented 
by A, X = A/(l + A) . Thus, when A is sufficiently large and x is 
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a sufficiently large fraction, changes in the experimental conditions 
which increaae A (i.e., favor increased segregation), for example, a 
decrease in the ten5)erature, produce small changes in x even for 
substantial changes in A. 


Preliminary Analysis of Experl mental Data 

The Important features of the e2q)erimental data presented in 
figures 2 and 3 summarized as follows: 

(1) The various cases can he listed in order of decreasing rate 

of intergranular attack as follows: (1-647), (H-647) , (1-575) ^ ( 1-500) ^ 

(11-600), and (H-550 and IH-647) . 

( 2 ) The dependence on final annealing temperature of the corrosion 
rate of composition I is much less than that of composition II. There 
is a considerable decrease in the corrosion rate of conposition II in 
going from 647° "to 600“^ C hut only a small decrease from 600° to 550° C. 
This indicates either that the grain-houndary sites in composition H 

to the occupant of which the corrosion rate is sensitive are approaching 
saturation hy solute atoms in the 600° to 550° C range, that the rate of 
intergranular attack is hecoming less sensitive to further increases in 
the concentration of solute atoms in the boundaries, or that there is a 
small decrease in the interaction energy for the segregation of iron 
atoms in this range. 

( 3 ) The corrosion rate of composition HI at 647° 0 matches that 
of conposition H at 550° C. If there is either satviration or insensi- 
tivity in this range of corrosion rates, these two specimens may not 
reliably be considered equivalent for the estimation of the interaction 
energy. 

Thp differences in corrosion rate of specimens quenched from 647° 0 
and differing only in iron content indicate that segregation of iron 
atoms occinrs. If only iron need be considered, expression ( 2 ) should 
permit the evaluation of the energy G for the grain-boundary segre- 
gation of iron atoms (at those sites to the occupant of which the 
corrosion rate is sensitive) under the assumption that the corrosion 
rate is dependent only on the concentrations of iron atoms in the 
boundaries, that is, on the value of x. Although the boundaries 
contain sites for which G varies over a wide range, it is only within 
a limited range of G that the observed temperature dependence of the 
corrosion rate ceui be produced since sites of too large (too negative) 

G are substantially satiirated and of too small G substantially empty 
over the whole temperature range. If the data can be described in terms 
of a single effective G, this can be calculated from any two comibinations 
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of c and T producing tlie same corrosion rate. The values of x 
corresponding to various ej^rimental conditions, as calculated from 
this G, must have reasonable magnitudes . 

With this procedure, the estimation of G for the segregation 
of iron hy matching, for example, composition I at about 500 ° C with 
conposition II at 600 ° C yields a value of magnitude substantially 
above 1 electron volt. This cannot be correct since it would regtilre 
the sites having this interaction energy to be practically saturated 
(x > 0.99) in composition II even at 6 ^ 7 ° 0 . It is thus necessary to 
consider the other inpurity elements which may be involved. 

Of the other Inpuritles in compositions I, II, and III, copper 
(0.00093 atomic percent), silicon (O.OOO6 atomic percent), and 
magnesium (O.OOOl)- atomic percent in composition l) are the ones 
present in the greatest quantities. The atomic sizes of these elements 
are listed in table II; the only presently available information from 
which their relative tendencies toward segregation can be estimated is 
their size difference as compared with that for iron. On this basis, 
copper is expected to segregate about as strongly as iron, magnesium 
somewhat less strongly, and silicon still less. Because of the sensi- 
tivity of the extent of segregation to the value of the interaction 
energy, the assimrption even of moderate differences of Interaction 
energy corresponding to these differences in size leads to the conclu- 
sion that the contribution of silicon will be negligible at temper- 
atures where substantial segregation of copper will occur. Magnesium 
may have a small influence in composition I. The segregation of 
magnesi\mi is to sites of larger than normal atomic voliime and hence 
it is not in conpetition with iron and copper for the smaller boundary 
sites. 

The impurity elements which are present in still smaller quanti- 
ties cannot produce substantial grain-boundary concentrations xmless 
their Interaction energies are very hi^. This is not anticipated 
for sodlimi or calcium, despite their large atomic diameters, because 
their ionic diameters are not large and their volumes per valence 
electron are much larger than that of aluminum; thus, their effective 
diameters as dissolved in aluminum are expected to be much closer 
than their atomic diameters to the size of the aluminum atom, as is 
the case for lithium (table H) . 

The ejperimental data will thus be considered on the basis of 
the simultaneous segregation of iron and copper. It can be seen that, 
in view of the small iron and copper contents of the material studied, 
the interaction energies involved must be large in order that the 
grain-bound ary concentrations of these elements will be sufficient to 
produce the obseirved effect on the intergranular corrosion rate. 
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Fxirther Treatment of Experimental Data 

For simultaneous segregation of two solutes, the fractions 
X]_ and of grain-houndeiry sites actually occupied hy the solute 

atoms can he obtained from the values of x^^ and X2 calculated from 
eqiiation ( 2 ) hy solving the expressions: 

Xi = xi(l - X2) 

X2 = X2(l - Xi) 

leading to the relations: 

Xi = xi(l - X2)/(l - X1X2) 

X2 = Ji 2 (l - ^l)/(l - ''1^2) 

Wow the atomic concentrations of iron are 0.0002 percent in com- 
position I, 0.0019 percent in composition II, and 0.011 percent in 
composition III. Thus, the copper content of composition I is five 
times and that of composition II is half the iron content. Copper 
cannot have considerably more influence on the corrosion rate than an 
equal iron content, since this would require that compositions I and 
II behave similarly at all temperatures which is not observed, nor 
considerably less inflixence, since a reasonable inteipretation of the 
data cannot be given for iron alone. Iron and copper are thus taken 
to be inherently of approximately equal importance. 

To estimate the interaction energy G for iron and copper, it 
is now necessary to determine what values of G are reqiilred to 
account for the relative corrosion rates in terms of the relative 
fractions of sites occupied by iron and copper atoms as calculated 
from equations ( 2 ) and (5) for the various specimen compositions and 
temperat\ires . It is found that, in order to represent the corrosion 
rates of the several specimiens of composition I (where copper is the 
dominant solute element) in the proper relation to the corrosion rates 
of composition II (where iron has the greater influence) , the valiies 
of G for iron and copper must be about the same; if equal concen- 
trations of iron or copper atoms in the boimdaries are not equally 
effective in reducing the intergranular corrosion rate, it is 
necessary to take the effective G sli^tly lower or hi^er for 
copper than for iron. 

Further, the observed dependence of the Intergranular corrosion 
rate on final annealing temperatvire in compositions I and H cannot 
be due to a considerable extent to segregation at sites where G is 


( 5 ) 
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less negative than about -0.6 electron volt since this would require 
the unreasonable conclusion that the corrosion rate could be altered 
by a very small change (less than 1 percent) in the fraction of these 
sites occupied by iron and copper atoms and thus by a much smaller 
change in the fraction of the total number of boundary sites occupied 
by these atoms. For similar reasons, the principal contributions to 
the changes in corrosion rate with final annealing temperature cannot 
come from segregation at sites where G is more negative than about 
-O .9 electron volt since most of these are occupied by iron and copper 
atoms over the whole ten^perature range and, as previously noted, there 
are only small changes in x even for substantial changes in 
c exp (-G/kT) when x is a large fraction. The change in the frac- 
tion of occupied sites with temperatvire for various values of G is 
illustrated in table HI where a comparison is made for specimens of 
conq)ositlon H quenched from two tenq>eratures between which there is 
a considerable difference in the rate of corrosion. 

Consideration can now be given to the vibrational entropy and 
potential energy components of G: 

exp (-G/kT) = exp ^AS^y^k^ exp (-E/kT) 

Here exp ^AS^y^k^ is a fraction and exp (-E/kT) a large number since 
both ZsSy and E are negative. These factors have opposite effects 

on the extent of segregation, and the larger the ass\med entropy change, 
the larger is the magnitude of E required to yield values of G 
bet\7een -0.6 and -O .9 electron volt. Since at least a small vibra- 
tional entropy change is expected, E will be at least as negative 
as -O .7 electron volt, corresponding to the -0.6-electron-volt limit 
of G. The estimate by Zener's method of the largest vibrational 
entropy change which may be expected is about O.JE at the annealing 
temperatures of these experiments j this would require values of E in 
the range -O .9 electron volt to -1.5 electron volts. However, if the 
values of X corresponding to various values of E are calciilated 
for the conpositlons and temperatures for which corrosion data were 
obtained, it is found that magnitudes of E above 1.0 electron volt 
do not permit a satisfactory description of the relative corrosion 
rates. The differences in rate of intergranular attack observed in 
the present study can be described as due principally to the differences 
in the fractions of iron and copper atoms occupying those grain-boundary 
sites where their potential energies of interaction are within the 
range -O .7 to -1.0 electron volt. 

The conparison of the calculated fractions of occupied sites with 
the observed relative intergrnnu lar corrosion rates is illustrated in 
table IV for several combinations of the vibrational entropy fac- 
tor exp ^ASy/k^ and potential energy of interaction E which yield 
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about -O.7 electron volt for G in the teiiqjerature range studied. TTip 
entropy factors 0.25 and 0.065 were chosen because they are equivalent 
here to differences of about 0.1 and 0.2 electron volt in E. In view 
of the uncertain factors in this discussion, any one of these sets of 
figures is considered to provide a reasonably satisfactory representa- 
tion of the relative corrosion rates. It is not possible to draw 
further conclusions concerning the entropy factor nor conceraing G 
or E since other values of G in the -0.6- to -0.9-electron-volt 
range and of E in the -O.7- to -1. 0-electron-volt range represent 
the relative corrosion rates about as well as the values given in 
table IV. That the calcu l ated values for composition I are relatively 
too small at 575*^ C and too large at 500° C cannot be accounted for by 
an additional effect due to the magnesium in composition I; however, 
small changes with ten^jerature in E for copper or iron could be 
sufficient to bring the calculated values into the correct order. 

The foregoing argument has thus furnished information on one 
physically important qua n tity, the potential energy of interaction E, 
which has been estimated despite exact knowledge of the limitations of 
equation (2) , of the change in vibrational entropy acconipanying segre- 
gation, of the relative effects on the corrosion rate of equal grain- 
boundary concentrations of iron or copper, and of a possible amnl 1 
contribution of magnesivim in composition I. Certain additional con- 
siderations are discussed in the following paragraphs. It may be 
stated again that the conclusions of this work apply to the general 
medlvim- and high-angle grain boundaries since it is the corrosion 
rates of these boundaries which were measured. 

Within the range of annealing temperatures used in these experi- 
ments, the effective value of E cannot vary to a large extent. If 
the effective E became 0.1 electron volt less negative for each 
100° C decrease in tenperature, specimens of composition H would have 
had the same grain-boundary concentration and the same corrosion rate 
when quenched from either 6^7° or 600° C; if E became 0.1 electron 
volt more negative for a 100° C temperature decrease, then the 
temperatiire dependence of the corrosion rate in composition I would 
have been relatively much more pronounced than was observed. In this 
connection it is of Interest to note that the atomic size difference 
for copper (a change of which with ten^ierature would contribute to a 
change in E) is shown by the X-ray data of EUwood and Silcock 
(ref. 11) for 1 atomic percent copper in aluminum to change only from 
11.6 percent at 18° C to 12.^4- percent at 5l)-8° C. Ihe decrease of the 
elastic moduli with increasing temperature would be a more Ukeiy 
source of a variation of E with temperature. 

The question is considered whether discrepancies in the analysis 
of the experl mental results arise from the simplification made in 
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deriving eq.\iation (2) , that segregation has not significantly altered 
the grain-body solute concentration. With a specimen of ^-m1 ].3imeter 
average grain diameter, and taking the boundary as 10 A thick and the 
limiting fraction of the sites of hi^ interaction energy as 10 percent 
of the total, it is found that occiipation of all of the high-energy 
sites will change the graln-hody concentration of solute hy more than 
a few percent only for solute contents less than 10“^. The uncertain- 
ties d\xe to this simplification are therefore negligible for the iron 
and copper contents involved in this work. 

It may be noted that knowledge of the relative effectiveness of 
equal boundary concentrations of different segregated solute atoms, not 
provided by the present study, would indicate the reason for their 
effect on the intergranular corrosion rate in hydrochloric acid of this 
concentration. If they are effective becaiise they reduce the local 
energy in the boundary, the effect should depend on relative size and 
all segregated solutes should decrease the rate of attack. If, however, 
the segregated atoms produce their effect by increasing the alloy 
content of the grain-bounda3ry material and thus by shifting its solu- 
tion potential relative to that of the grain body, then the specific 
properties of the solute atom are involved and solutes of the same size 
may have widely different effects and may increase as well as decrease 
the corrosion rate. 


Significance of Potentisil Energy of Interaction 

The interaction energy for the segregation of a solute atom can 
be estimated from the formula of Cottrell (ref. 7 ) for the interaction 
with the stress field of an edge dislocation. Since the combination 
of dislocations into boundaries results in a certain cancellation of the 
opposing stress fields of adjacent dislocations, this energy will give an 
upper limit to the potential energy of interaction of the solute atom 
at sites in the fringes of the boundary. The estimate for iron or 
copper atoms in alimiinum shows this energy to be at most -0.1 electron 
volt. It is therefore concliided that the segregation of iron and copper 
atoms with a potential energy of interaction of at least -O.7 electron 
volt, to which the corrosion test is sensitive, is that which occiors 
at sites in the core of the boundary. 

One of the factors contributing to the potential energy of inter- 
action can be estimated by calcxilating the lattice distortional energy, 
that is, the energy produced by the misfit of the solute atom in the • 
grain-body site which is not produced when a solvent atom occupies this 
site. Several formulas for this calculation are given, with some revi- 
sions, by Selgle, Cohen, and Averbach (ref. 12) . The distortional 
energy per atom of iron or copper in alumi num is a little greater than 
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0.1 electron volt as calculated by Lawson's formula (as revised) and 
about 0.5 electron volt by Scott's method (Heumann's method, also cited 
in ref. 12 , gives negative energies at small concentrations of the 
smaller element) . In the gold-nickel alloys studied by Seigle, Cohen, 
and Averbach, the dlstortlonal energies from the formula of Scott were 
substantially higher than the measured heats of mixing (which were 
believed to be due to the dlstortlonal energy) and Lawson's formula 
gave better agreement. The estimated dlstortlonal energy, for iron or 
copper in aluminum is therefore teiken as closer to the smalder figure. 

It is then conclTJded that the loss of grain-body dlstortlonal energy 
comprises only a part of the potential energy of interaction for the 
segregation of iron or copper and that a substantial contribution must 
come from a reduction in the local energy about the site in the boxmdary 
when the iron or copper atom is substituted. Although these calcula- 
tions suggest that the local reduction in boundary energy accon5)anying 
the substitution of a solute atom can be quite large , from general 
physical considerations this would not be expected to be so large as 
the reduction of energy associated with the filling of a lattice 
vacancy. Values for the latter are thou^t to be in the range of 
1 electron volt to 2 electron volts on the basis of calculations for 
copper and the alkali metals (ref . 15) . 

As sinning the Interfacial free energy of a general grain boundary 
in aluminum to be rovi^ly 50O ergs per square centimeter and to be 
distributed over a region about three atoms thick, the mean excess free 
energy per atom in the grain-boundary region is of the order of 
0.1 electron volt. Then, if the segregation of iron or copper atoms 
at certain boundary sites is associated with a reduction in the local 
potential energy conservatively estimated as a few tenths of an 
electron volt per site, a significant reduction in the interfacial 
energy will not be produced imless these sites constitute an appre- 
ciable fraction of the total number in the boundary and a considerable 
fraction of such sites becomes occupied. 


General Remarks 

In the present work, it was possible to study this segregation 
phenomenon because special circumstances prevailed: The presence of 

solutes having strong segregation tendencies and thus affecting the 
properties of the bomidarles even after quenching from elevated 
temperatures emd when present in smal 1 amoxmts, a test sensitive to 
the concentration of solute atoms in the boundaries which was conducted 
at a temperature at which the boxmdary concentrations characteristic 
of different elevated temperatures could be preserved by quenching, 
and use of an alloy almost free of disturbing factors because of its 
essentially homogeneous single-phase structiure where the only heter- 
ogeneities were the grain boundaries themselves. However, in view of 
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the large inteiraction energies vhich may obtain, the possibility of 
considerable grain-boundary segregation is to be anticipated in most 
metals and alloys, especially at only slightly elevated temperatures, 
since impurities of substantial atomic size difference are generally 
present even when appreciable alloy contents are not . • For exan^jle , a 
substantial fraction of the sites favorable for segregation will be 
occupied at equillbriiim at 600° C with 0.01 atomic percent of a solute 
for which the interaction energy G at these sites is -O .7 electron 
volt, or with 0-5 atomic percent for -0.4 electron volt. At 200° C, 
eq.til valent boimdary concentrations are attained for about 10"5, O.OO 5 , 
nri(^ 0.7 atomic percent of the solutes for which the respective inter- 
action energies are -O. 7 , -0.4 and -0.2 electron volt. Strong segre- 
gation is favored in material treated in the lower ten^jerature range 
or slowly cooled throu^ this range even if equilibrium conditions are 
not attained. Hcnrever, in some cases, for example, that of iron in 
aluminum, the extent of segregation at the lower temperatures is 
limited by the rapidly decreasing grain body solubility with teng)er- 
ature below the solvus. 

While it has been concliaded that grain-boundary concentrations of 
solute atoms are generally to be expected, there are a number of 
reasons why an alteration in the properties of the grain bou n da r ies 
is not apparent in most metals when different solute contents or 
different heat-treating tenperatiores are compared. For one t hin g, 
the fraction of the total number of sites in the grain-boundary region 
which is occupied may be insufficient to modify to an observable extent 
any but the most sensitive properties of the boundary. Also, the 
changes in the properties of the boundaries may be obscured by other 
structxiral changes. For exanrple, in corrosion the differences in 
solution potential which can be produced by the presence of a second 
phase or an attendant depleted zone, or by other concentration 
gradients in the matrix, are in many alloys as great as or greater 
than the greatest difference which has been observed between grain 
boundaries and bodies in a homogeneous single-phase alloy (ref. l4) . 

In an alloy containing s^lfficient solute to produce saturation 
of the bo\indaries, the addition of a second solute may produce no 
observable effect; further, the presence of a solute which tends to 
occupy a major fraction of the available sites will strongly reduce 
the number of sites which can be occupied by a competing solute which 
tends to occupy only a minor fraction of the available sites, as can 
be seen by inspection of equation ( 3 ) . The available sites may be 
saturated even in a hlgh-purlty metal when strongly segregating 
impurities are present, as has been indicated (refs. I 5 and 16 ) in 
the case of internal-friction studies of the relaxation of shear stress 
across the grain boimdaries of aluminum alloys where the iron and 
copper impurities in the hl^-purity base material were sufficient to 
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saturate the sites of small volume, and only with additions of an 
element of atomic size larger than aluminum (in this case, magnesium) 
could additional segregation take place and a change in the properties 
of the boundaries be observed. On the other hand, in the case of 
copper the extent of segregation in high-purity material is apparently 
small since a variety of alloy additions or Impiu-ities produces changes 
in the properties of the boundaries such as susceptibility to inter- 
granular corrosion and stress-corrosion (ref. 17)^ intergranular 
embrittlement, or an alteration in the activation energy for recrys- 
tallization (ref. 18) . 

Difficulties in detecting this segregation phenomenon when 
comparing behavior characteristic of different equilibrium tempera- 
tinres may arise if there is substantial saturation at the hipest 
ten^jerature used, if the interaction energy is relatively low, or if 
the interaction energy decreases with decreasing temperaturej in any 
of these cases, the temperatvire dependence of the boundary properties 
may be too small to be detected. The effect of tenqperature is 
lB5)ortant since it permits the case in which there is actual segrega- 
tion to be distinguished from the case where a substantial alloy 
addition affects the boimdary properties without segregation, that is, 
even though its concentration in the boundary does not rise above the 
grain-body concentration^ in the latter event, no temperature depend- 
ence will be observed. This distinction is inherent in certain tests 
which depend on the difference in properties of boundaries and bodies 
(e.g., intergranular corrosion) but is not made by other tests which 
depend only on the properties of ilie boundaries (e.g., internal fric- 
tion) . It may be noted in this connection that, for equal concentra- 
tions in the boundaries, a substantial alteration of the properties 
of the boundaries is more likely to occur in the case of actual segre- 
gation since then the presence of the solute atom in the boundary is 
associated with a reduction of the local energy. 


SUMMARY OF RESULTS 


The strength of the tendency for segregation- to the grain bound- 
aries of substitutional solute atoms which differ substantially in 
size from those of the solvent was studied in single-phase hi^-purlty 
aluminum through observations on the intergranular corrosion in 
20 percent hydrochloric acid. Corrosion at the general mediimi- and 
hi^-angle boundaries was followed, and it is to these boundaries that 
the results of this study apply. 

1 . Hie variation in the intergranular corrosion rate as a function 
of iron content and final annealing temperature was attributed to the 
variation of the concentrations in the graiq-boundary region of the 
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undersize iron and possilaly other iu^iurity atoms present in the 
material. Precautions were taken to minimize the effects of extra- 
neous factors on the relative intergranular corrosion rates and justi- 
fication was offered for the presimrption that, within the range of 
compositions studied, these rates were essentially functions only of 
the concentrations of impurity atoms in the "boundaries. 

2. The e^qperimental results were analyzed hy reference to a dis- 
tri"bution function, obtained "by statistical mechanical methods, which 
gives the equllihrium fraction of certain sites in the ho\indary which 
are occt^ied hy solute atoms in terms of the interaction energy for 
the interchanging of a solvent atom at such a boundary site with a 
solute atom at a grain-body site. The interaction energy involves 
both a change in the potential energy and a change in the vibrational 
entropy, an estimate for the upper limit of the latter in terms of the 
former being obtained by the method of Zener. Application of this 
distribution leads to an estimate of the interaction energy but does 
not indicate what fraction of the total number of atomic sites in the 
boundary corresponds to this energy or is occupied by solute atoms 
under any given conditions. 

3. The segregation of iron alone couild not account for the observed 
results; from consideration of the atomic sizes eind quantities of the 
other in^jurities present, it was expected that substantial segregation 
of copper atoms would also occur. The observed changes in intergran- 
ular corrosion rate as a function of final annealing temperature and 
conposition could be represented as due principally to the changes in 
the fraction occiqpied by iron and copper atoms of those boundary sites 
where the potential energy of interaction for iron and for copper was 

at least as negative as -O.7 electron volt (-16,000 calories per mole) 
and possibly as negative as -1.0 electron volt (-25,000 calories per 
mole) . 

Jl-. The loss of lattice distort! onal energy accompanying the 
replacement of an undersize iron or copper atom at a grain-body site 
by an aluminum atom was estimated and found to account only for a 
part of the potential energy of interaction; a substantial contribution 
to the latter is therefore to be attributed to a local reduction of the 
energy about the site in the boundary. A significant reduction of the 
interfacial free energy as a result of the grain-boundary segregation 
of these atoms is not, however, to be expected until a considerable 
fraction of the boundary sites of high interaction energy have become 
occupied. 

5- It is believed that most metals and alloys contain at least 
one alloying element or inpurlty, the atoms of which have a strong 
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tendency to concentrate in the houndaries, hut that it is only under 
special conditions that the effect on the properties of the houndaries 
can he readily detected. 


Columbia University^ 

New York, N. Y., October 23, 1953- 
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APPENDIX 

THERMODYNAMIC TREATMENT OF DISTRIBUTION OF SOLUTE ATOMS 


The distribution of solute atoms is obtained from the thermo- 
dynamic viewpoint by considering the equilibrium state of the reaction 
describing the replacement of a solvent atom in the boundary by a 
substitutional solute atom from the grain body; that is, 

1(2 + M^* ^ + Mj^ 

where the subscript 1 refers to the solvent and 2 to the solute 
and the primed quantities indicate that the atom is at a site in the 
boundary. The eq^llllbri^ml constant is expressed in terms of the atom 
fractions and the free-energy change of the reaction to give the 
relation 

K = Xg’Xj^y^XgX^' = exp (-2W/RT) 
and, since x^^ = 1 - X 2 = 1 - c, the result is 

X2*/(l - X 2 *) = [c/(l - c)J exp (-AF/RT) 

which is equivalent to equation (1) . Here the assumption made previ- 
ously that strong interactions between segregated atoms do not occur 
becomes the ass\mption that the activity coefficients are the same for 
both grain boundary and body, that is, are independent of concentra- 
tion and structure. 
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ConrpOBltiOB 

E 

■LejTiBii'Ga : 

louna^ 'wexgnx; percenti 


Iron BolvxLs 

Fe 

Si 

On 

Mq 

Mg 

Ka 

Ca 

tenqjerature, °C 

I 

0.0004 

0.0006 

0.0022 

<0.0002 

0.0004 

0.0001 

<0.0002 

575 

II 

.0059 

.0007 

.0022 

<.0002 

<.0002 

.0001 

<.0002 

48o 

in 

.025 

.0007 

.0022 

<.0002 

.0002 

.0001 

<.0002 

590 
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TABLE II 

ATOMIC DIAMETERS OF SEVERAL ELEMENTS AT ROOM TEMPERATURE 


Element 

Apparent atomic diameter 
in aluminum, kX units 

Atomic diame-ter 
of element (a) 

Calcium 

— 

5.95 

Sodium 

— 

5.85 

Magnesium 

‘^5.04 

5 -l 9 \ 


<i5.ll 

5.20J 

lithium 

i^2.82 

3.15 

Aluminum 

— 

2.86 

Ifenganese 

— 

® 2.75 

Silicon 

i> 2.75 

®2.65 

Copper 

^ <^2.51 

2.55 

Iron 

— 

2.52 

or 2.55 


^-Interatomic apaclng in element corrected to coordination 
number 12. 

^^^om data of Axon and Hume-Ro-fchery, ref. 8. 

CThis value holds for less than 1 atomic percent magnesium. 
^From data of Dom, Pietroko-VTshy^ and Tletz, ref. 19 . 

®There is some uncertain-ty in these -values hecaixse of s-truc- 
ture of elements. 
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OABLE nZ 

COMPARISON FOR WTO SPECIMEINS OF SUBSTANTIALLY DIFFERENT INTERGRANULAR 

CORROSION RATES OF FRACTION OCCUPIED BY IRON AND COPPER ATOMS OF 

THOSE GRAIN-BOUNDARY SITES AT WHICH INTERACTION ENERGY FOR 

SEGREGATION OF IRON AND OF COPPER HAS A GIVEN VALUE 

[values of Xj.g + calculated from equations (2) and (5) j entropy 

factor Las "been taken as unitj^ 


Interaction energy for iron 
and for copper, electron 
volts : . . . 

-0.5 

-0.6 

-0.7 

-0.8 

-0.9 

-1.0 

-1.1 

Fraction occupied in compo- 
sition II at 6 k 7 ° C ... . 

0.015 

0.05 

0.16 

0 

.4- 

6 

0.71 

0 

o\ 

• 

0 

0.97 

Fraction occupied in compo- . 
sition II at 600° C . . . . 

0.021 

0 

• 

0 

03 

0.24 

0.54 

0.82 

0.94 

0.98 



TABIE IV 


O 


COMPARISCiN OF HELATIVB INTOWRANUIAR COEROSION RATES WITH FRACTIOH OCCUPIED BY IRON AND COPPER 
ATOMS OP THOSE OHAIN-BODHnARY BITES AT WHICH INTERACTION ENERGY FOR SEGREGATION OP IRON 
AND OP COPPER IS ABOUT -O.7 ELECTRON VOUD AS CALCULATED FROM EQUATIONS (2) AND (5) 


Cong)osltlon 

(a) 

Final annealing 
temperature, °C 

Fraction of sites of assimied Inter- 
action energy occupied hy iron and 
copper atoms, 

Assumed vlhratlonal entropy factor, 
exp ('/iSv/V) 

1 

0.25 

0.065 

Assumed potential energy of 
Interaction, E 

-0.7 

-0.8 

-0.9 

I 

647 

0.07 

0.06 

0.06 

n 

647 

.16 

.15 

.13 

1 

575 

.14 

:i 4 

.14 

I 

500 

.27 

.52 

.35 

n 

600 

.24 

.23 

.22 


J550 

•55 

.36 

•37 

1 i™ 

^ 64-7 

■^5 

.42 

.40 


^In order of decreaeing corrosion rate. 

^Corrosion rates of these He in a range idiere there may he saturation or InsensltlTlty; 
If either of these is the case, eq,uallty of corrosion rates does not necessarily require equaliiy of 
fractions of occ\q>ied sites. 
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(a) Composition I; ("b) Composition TTT; 

0.0004 percent iron. 0.023 percent iron. 

figure 1.- Orientations of a group of grains as detemnined from back- 
reflection laue photographs . SpeclmenB of hlgh-purlty aluminum 

imPTinhAfl ■frrrm C. . 

I ■ i - - 
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9 a0004% F* 
O 0.004 % Fe 
9 aozs X Fa 


647* C 


647*0 


/ 

/n AMAC 


DAYS IN 20% HCI 


Figure 2.- Effect of iron contenl. and final annealing ‘bejqjera'ture on 
rate of intergranular corrosion of Mgh-purity aluminum containing 
0.0022 percent copper. apecirEns quenched from 6^7° C or furnace 
cooled from this ten^jerature to a lower tengjerature , held, and 
quenched. Average of res\ilts of two to four tests. 
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AVERAGE NUMBER OF BOUNDARIES CORRODED THROUGH 





DAYS IN 20% HCI 


J'lgure 5.- Approximate effect of final annealing tenperature on rate of 
Intergranular corrosion of Mgh-pxirlty aluirdjium containing 0.0004 per- 
cent Iron and 0.0022 percent copper. Sar 5 )les quenched from 647° C 
or furnace cooled from this teng)erature to a lower teaqjerature, held, 
and quenched. Average of two conciirrent tests. Ter^jerature of 
corrosion test was abnormally low from first to fourth day. 
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